Abstract Gardner syndrome (GS) is caused by mutations in the APC and besides adenomatous colorectal polyps includes such manifestations as osteomas, epidermoid cysts (ECs) and occasionally multiple pilomatricomas. More than 50 % of ECs in patients with GS exhibit pilomatricoma-like ghost cell keratinization. The latter may be explained by the fact that the development of both GS and pilomatricoma is driven by activation of the Wnt/b-catenin signaling pathway. A 62-year-old, Caucasian male with history of GS presented with a unilocular, mixed radiopaque/radiolucent mandibular lesion causing divergence and external root resorption of involved teeth. Histopathologically, the lesion was composed of two cystic components, an orthokeratinized odontogenic cyst (OOC) and a smaller one with characteristics of keratocystic odontogenic tumor (KCOT) featuring, focally, ghost cells and an epithelial morule-like structure. Dystrophic calcifications essentially similar to those seen in pilomatricomas were observed in the fibrous connective tissue wall. The KCOT and OOC epithelia revealed strong and diffuse cytokeratin (AE1/AE3) and b-catenin immunoreactivity. CD10 positive immunostaining was seen in the keratin and superficial spinous cell layers in both OOC and KCOT. The intraepithelial and mural ghost cells showed a cytokeratin (?), b-catenin and CD10 (-) immunophenotype. The diagnosis of OOC with ghost cell calcifications in association with KCOT was rendered. The patient was lost to follow-up. Although a coincidental co-existence cannot be excluded, ghost cell calcifications mimicking pilomatricoma-like changes in an unusual odontogenic cyst combining OOC and KCOT features as seen in this patient with GS may be explained by the common molecular mechanisms underlying the pathogenesis of cutaneous pilomatricomas and GS.
Introduction
Gardner syndrome (GS) is an autosomal dominant variant of familial adenomatous polyposis (FAP) syndrome, caused by mutations in the adenomatous polyposis coli (APC) tumor suppressor gene located on chromosome 5q21-22 [1] . Clinically, GS is characterized by numerous adenomatous colorectal polyps demonstrating malignant transformation observed before age 40 in almost all patients with unresected polyps [2] .
Additionally, numerous extraintestinal manifestations are encountered in GS and include epidermoid cysts (ECs), osteomas of long and cranial bones, dental abnormalities (odontomas, supernumerary and impacted teeth), congenital hypertrophy of the retinal pigment epithelium and desmoid tumors [1] [2] [3] . Less frequently, multiple, familial, cutaneous [4] [5] [6] or intraosseous pilomatricomas [7] have been described.
Cooper and Fechner [8] reported that approximately 63 % of ECs associated with GS exhibit pilomatricomatype ghost cell keratinization. The pilomatricoma-like changes are observed either in form of columns of ghost cells adherent to the cystic epithelial lining and projecting into the lumen, or as scattered intraluminal or mural ghost cell aggregates [8] . Similar findings have been published by Narisawa and Kohda [9] , and Urabe et al. [10] .
Reports of odontogenic cysts or tumors in patients with GS, besides dentigerous cysts and odontomas, are scarce [11] . A review of the English literature revealed only three cases of odontogenic neoplasms developing in patients with GS, specifically two unicystic ameloblastomas [12, 13] and a case of ameloblastic carcinoma [11] .
Herein, we present the histopathologic, immunohistochemical and radiographic characteristics of an odontogenic lesion in a patient with GS characterized by an orthokeratinized odontogenic cyst (OOC), a smaller keratocystic odontogenic tumor (KCOT; odontogenic keratocyst) and calcified ghost cells in the wall.
Case Report
A 62-year-old, Caucasian male presented with a unilocular, generally circumscribed, mixed radiopaque/radiolucent lesion of the right anterior mandible, occupying the space between the right lateral incisor (tooth #26) and right mandibular canine (tooth #27). Clinically, bluish discoloration of the overlying oral mucosa was noticed (Fig. 1a) . Radiographically divergence and external root resorption of involved teeth were observed (Fig. 1b ). An excisional biopsy was performed. No further information regarding the medical history of the patient was provided at the time of tissue submission.
Macroscopically, the specimen consisted of multiple light tan and brown soft tissue fragments measuring 3.7 cm in greatest aggregate dimension. Histopathologic examination of multiple preparations revealed a fragmented lesion featuring cystic lining (Fig. 2a, b ) that in areas was partially non-keratinized (Fig. 2b, d ), focally parakeratinized and in other areas hyperorthokeratinized (Fig. 2b-d ). Another part of this cystic lesion was composed of a smaller cystic cavity (Figs. 2a, 3a) where the epithelial lining was 5-7 cells in thickness exhibiting fine parakeratinization with a slightly corrugated surface and foci of nuclear hyperchromatism associated with palisading in the basal cell layer (Fig. 3b, c) . Intraepithelially, large pale epidermoid cells some of which with faint eosinophilic cytoplasm and empty nucleus were noted (Fig. 3c, d) , as well as one epithelial sphere or morule-like structure (Fig. 4a) . We interpreted the large epidermoid cells as ghost cells. The fibrous connective tissue wall contained aggregates of ghost cells and multiple dystrophic calcifications including psammomatoid spherules (Figs. 2a, 4b,  c) . The calcified ghost cell deposits seen in the wall were not attached to the epithelial lining and resembled those of cutaneous pilomatricomas (Fig. 4c) . A single calcifying cystic odontogenic tumor (CCOT)-like nest was seen in the initial preparation only (Fig. 4d) .
Immunohistochemical evaluation for cytokeratin (AE1/ AE3, mouse monoclonal, Dako, Carpinteria, CA) revealed strong and diffuse cytoplasmic immunostaining throughout the OOC and the KCOT epithelia (Fig. 5a, b) , as well as the intraepithelial (Fig. 5c ) and mural ghost cells (Fig. 5c  inset) . Investigation of the immunohistochemical expression of b-catenin [beta-catenin (14) , mouse monoclonal, Cell Marque, Rocklin, CA)] showed strong and diffuse membranous (submembranous), cytoplasmic and nuclear immunopositivity throughout the OOC (Fig. 5d) , as well as the KCOT epithelial linings (Fig. 5e) . The intraepithelial ghost cells of the KCOT along with the mural pilomatricoma-like ghost cells did not stain for b-catenin (Fig. 5f) . Finally, strong and membranous CD10 (56C6, mouse monoclonal, Carpinteria, CA) immunoreactivity was observed in the keratin and superficial spinous cell layers in both OOC and KCOT (Fig. 5g, h ), whereas the ghost cells were uniformly CD10 negative (Fig. 5i, inset) . The immunohistochemical findings can be found collectively in Table 1 . The contributor was contacted and a panoramic radiograph taken shortly before the biopsy was obtained (Fig. 6 ), along with two full-mouth sets of periapical radiographs taken in 2009 and 2014 ( Fig. 1b represents a portion of the full-mouth set of periapical radiographs taken in 2014), respectively. A comparison of the periapical radiographs revealed a substantial increase in the size of the cystic lesion during the 5-year period. Interestingly, evaluation of the panoramic X-ray revealed the presence of multiple circumscribed radiopacities consistent with osteomas ( Fig. 6 ). This finding, raised the clinical suspicion of GS which was subsequently confirmed by the patient.
Based on the microscopic and radiographic findings the descriptive diagnosis of odontogenic cystic lesion with combined features of OOC and KCOT with ghost cell keratinization and calcifications was rendered. The patient has not answered the surgeon's multiple requests for follow-up.
Discussion
GS is caused by inactivating mutations in the APC, a tumor suppressor gene located on chromosome 5q21-22. APC encodes for the approximately 300 kD APC protein involved in cell proliferation, migration, adhesion and cytoskeletal stabilization [2] . APC functions in the canonical (b-catenin-dependent) Wnt signaling pathway and regulates the cytoplasmic pool of b-catenin protein [14, 15] .
In the absence of an activating Wnt ligand signal, cytoplasmic b-catenin is phosphorylated at the conserved serine/threonine residues of the amino (N)-terminal region by the destruction complex composed primarily by APC, AXIN, casein kinase I, and glycogen synthase kinase-3b factors. The N-terminal phosphorylation leads b-catenin to ubiquitination and proteasomal degradation [16] . When activating Wnt ligands are present, they bind to the frizzled and LRP5/6 (low density lipoprotein-related proteins 5 and 6) cognate receptor complex located at the cell surface resulting in inhibition of b-catenin phosphorylation and/or ubiquitination by the destruction complex [15, 17] . Consequently, destruction of the free pool of b-catenin is abrogated, active b-catenin accumulates in the cytoplasm and translocates in the nucleus, where it complexes with the DNA binding proteins of the TCF (T cell factor family)/Lef (lymphoid enhancer family) family, functioning as a transcriptional co-activator [18, 19] . The TCF/b-catenin complex regulates the transcriptional activation of various target genes including cell proliferation-and growth-associated proto-oncogenes such as CMYC and CCND1 (cyclin D1) [10, 14] .
Pilomatricoma represents a benign neoplasm of trichilemmal differentiation occurring primarily in young patients, although middle-aged adults may be affected as well [20] [21] [22] . The most common site of involvement is the head and neck [7, 21, 22] . Multiple pilomatricomas can be associated with myotonic dystrophy, GS, or Turner and Rubinstein-Taybi syndromes [4] [5] [6] [23] [24] [25] . At the molecular level, pilomatricomas demonstrate activating mutations of CTNNB1 (b-catenin gene) [26, 27] . Point mutations in exon 3 encoding for the N-terminal serine/threonine phosphorylation region result in production of oncogenic b-catenin proteins that are resistant to phosphorylation/degradation by the destruction complex and which activate b-catenin/TCF transcription [17, 26, 28] . Hence, regardless the mutation locus-APC for GS or CTNNB1 for pilomatricomaboth pathologic entities exhibit activation of the Wnt/bcatenin signaling pathway leading to aberant cellular proliferation, differentiation and survival by inhibition of programmed cell death. ECs are observed in 65 % of patients with GS [1, 3] and frequently precede the intestinal polyps [29] . Cooper and Fechner [8] have reported that 36/57 (63 %) ECs in patients with GS showed extensive pilomatricoma-like changes in the form of columns of ghost cells (21/57, 37 %), scattered intraluminal masses of ghost cells (29/57, 51 %), or pericystic (mural) ghost cells aggregates (20/57, 35 %) [8] . A multi-layered, transitional zone of basophilic epithelial cells was present at the base of the columnar aggregates of ghost cells [8] . This basophilic/transitional cell zone was not observed in the ghost cell deposits scattered within the connective tissue wall of our odontogenic lesion. Calcifications were seen in 8/20 (40 %) of ECs with mural pilomatricoma-like changes but in none of the cases with luminal deposits of ghost cells [8] . Interestingly, in the study by Cooper and Fechner [8] the pericystic deposits of shadow cells were invariably associated with a giant cell reaction of foreign body type. A giant cell reaction was not seen in the examined preparations of the current case. Pilomatricoma-like characteristics in ECs in GS have also been reported by Narisawa and Kohda [9] and Urabe et al. [10] .
A compressed and apparently KCOT-like in appearance cystic area was identified in the fibrous connective tissue wall. The presence of intraepithelial ghost cells in KCOTs is unusual. To the best of our knowledge after thorough review of the literature we could not find a well-documented reference of combined OOC and KCOT. In the current case, the two cystic cavities were separate with no continuity of their epithelial linings. Previously, de Fátima Bernardes et al. [30] described a unique case of CCOT associated with OOC in the mandible of a 24-year-old woman, characterized by a singular epithelial lining showing transition from CCOT to OOC. In our case only an isolated odontogenic nest with CCOT-like features and presence of ghost cells and calcification was identified. This finding was seen in the initial preparation only and, therefore, was not considered frank evidence of CCOT.
The KCOT also featured an intraepithelial, squamoid morule-like formation. This kind of epithelial sphere or whorl can be observed in a wide variety of odontogenic cysts including lateral periodontal, botryoid, glandular, adult gingival as well as dentigerous cysts [31] . Alternatively, histologically similar morular structures have been reported in the cribriform-morular variant of papillary thyroid carcinoma (CMVPTC) [32] . Although sporadic examples of CMVPTC have been reported, this rare histopathologic subtype is strongly associated with FAP syndrome [33, 34] . Specifically, 1-2 % of the patients with FAP develop papillary thyroid carcinoma and 20-40 % of these tumors are diagnosed as CMVPTC [35, 36] . The presence of a cribriform-morular architectural pattern in thyroid cancer has been considered an indicator for occult FAP necessitating appropriate patient evaluation [34, 37] . It appears possible that germline or acquired mutations in genes of the Wnt/b-catenin pathway, such as APC, may correlate with a morular phenotype in a variety of benign or malignant neoplasms arising in the thyroid gland or odontogenic tissues. Immunohistochemically, the morules demonstrate positivity for b-catenin, cyclin D1, bcl-2, PTEN and CD10 but are consistently negative for thyroglobulin, estrogen and progesterone receptors and CK19 [32, 33, 38] . We attempted to further characterize the CD10 immunoprofile of the whorl or morule-like structure seen in the KCOT, however this spherical formation was not present in the tissue section stained for CD10. Dental anomalies, odontomas, supernumerary and impacted teeth, are frequently encountered in GS [2, 3] . With the exception of dentigerous cysts, other types of odontogenic cysts and neoplasms are scarce in patients with GS [11] . Patel and Rees [12] and Bates et al. [13] presented one case each of unicystic ameloblastoma affecting a 14-year-old male and a 15-year-old female patient, respectively. One should note that the report by Patel and Rees [12] does not include illustrations of the histopathology of the lesion. In both cases the clinical and radiological features were consistent with a dentigerous cyst [12, 13] . Fitzpatrick et al. [11] reported of a tumor combining, predominantly, characteristics of ameloblastic carcinoma and ghost cell odontogenic carcinoma in a 37-year-old male African American. The patient exhibited numerous dental abnormalities in addition to osteomas of the mandible, therefore, GS was strongly suspected but could not be confirmed [11] . A collective presentation of the clinico-pathologic characteristics of previously reported cases of odontogenic neoplasms associated with GS is provided in Table 2 . We investigated the AE1/AE3 and b-catenin immunohistochemical profile of the lesions and observed that both KCOT and OOC cyst linings showed strong and diffuse cytoplasmic, as well as membranous, cytoplasmic and nuclear immunopositivity for AE1/AE3 and b-catenin, respectively, throughout the thickness of the epithelium. Leonardi et al. [39] reported that sporadic primary KCOTs showed weaker staining for b-catenin, confined to the basal and para-basal layers only, compared to sporadic recurrent and nevoid basal cell carcinoma syndrome (NBCCS)-associated KCOTs, which showed expression throughout all epithelial layers. Interestingly, nuclear expression of bcatenin was found exclusively in recurrent and NBCCSassociated KCOTs [39] . Contradictory results were published by Hakim et al. [40] showing significantly higher loss of b-catenin in syndromic than in sporadic KCOTs. Furthermore, b-catenin nuclear, cytoplasmic and membranous expression has been documented in basaloid/basal cells of pilomatricoma, as well as transitional and basal cells of craniopharyngioma and CCOT [41] . In our case, both intraepithelial and mural ghost cells demonstrated a AE1/AE3 positive, b-catenin negative immunophenotype. Similar findings were reported by Rumayor et al. [41] and Hassanein et al. [42] . Bilodeau et al. [43] identified coexpression of LEF-1, a nuclear transcription factor of the Wnt signaling pathway, and nuclear b-catenin in all LEF-1 positive CCOTs.
In conclusion, we report the clinicopathologic characteristics of an unusual odontogenic lesion in a patient with GS featuring combined OOC and KCOT characteristics and ghost cell keratinization and calcifications in the wall. The current case highlights the diverse histomorphodifferentiation potential of the odontogenic epithelium especially under the constant influence of a proliferation trigger such as the Wnt/b-catenin oncogenic signal. Although we cannot definitely exclude a coincidental co-appearance of ghost cell calcifications in an odontogenic lesion with combined OOC and KCOT features in this patient with GS, molecular commonalities may be a plausible explanation of the overlapping histopathologic features between cutaneous pilomatricomas and syndromic epidermoid and odontogenic cysts.
